Key words hole quantum wires, anisotropic Zeeman splitting, Luttinger Hamiltonian. PACS 71.70.Ej, 73.21.Hb, 71.55.Eq We have studied theoretically the effect of a tuneable lateral confinement on two-dimensional hole systems realised in III-V semiconductor heterostructures. Based on the 4 × 4 Luttinger description of the valence band, we have calculated quasi-onedimensional (quasi-1D) hole subband energies and anisotropic Landé g-factors. Confinement-induced band mixing results in the possibility to manipulate electronic and spin properties of quasi-1D hole states over a much wider range than is typically possible for confined conduction-band electrons. Our results are relevant for recent experiments where source-drain-bias spectroscopy was used to measure Zeeman splitting of holes in p-type quantum point contacts.
γ 1 , γ s = (3γ 3 + 2γ 2 )/5, γ δ = (γ 3 − γ 2 )/2, and coordinate-system-dependent constants c j . The most general 4 × 4 valence-band Hamiltonian [4, 13] also includes terms describing spin splitting due to the Zeeman effect or arising from bulk (B) and/or structural (S) inversion asymmetry (IA). It reads
We denote operators of position, kinetic wave vector, and total angular momentum byr,k, andĴ, respectively. T j (k,Ĵ) are tensor invariants associated with axial (j = 0) and cubic (j = 0) corrections to the spherical Luttinger Hamiltonian; see the notation used by Fishman [13] .
In the following, we include the isotropic Zeeman term H Z = 2κµ B B ·Ĵ with bulk-hole g-factor κ but neglect spin splitting due to IA. We consider a rectangular hard-wall confining potential V (r) in the xy plane, characterised by quantum-well widths W x and W y . Hence we adopt the wire axis as the quantisation axis of total angular momentum. As we are interested in describing the properties of hole point contacts realised by lateral confinement in a 2D HH system [10] , we assume a strong confinement in x direction and consider only the lowest orbital quantum-well bound state. Results obtained in the spherical approximation (i.e., for γ δ = 0) serve to illustrate that the crossover between the 2D and symmetrically confined 1D limits (realised for W y ≫ W x and W y → W x , respectively) is concomitant with a monotonous change from HH to LH character for the lowest quasi-1D subbands. As recent hole point contacts [10] were realised in quantum wells grown in the low-symmetry [113] direction, we also present results for quasi-1D hole states calculated from the full Luttinger Hamiltonian, including axial and cubic corrections.
3 2D-to-1D crossover in the spherical approximation In the spherical approximation for the kinetic energy, the Hamiltonian for a hole quantum wire can be written as H
These terms correspond to quantised 1D bound-state energies (sb), a coupling between heavy and light holes arising from asymmetric 1D confinement (hl), the quadratic energy dispersion for hole motion along the wire (1D), and a term that accounts for additional inter-subband mixing between heavy and light holes (mix). Introducing total-angular-momentum ladder operatorsĴ ± = (Ĵ x ± iĴ y )/ √ 2, combinationsk ± = k x ± ik y , and the notation { , } for a symmetrised product of two operators, the explicit expressions are
It is understood that, in Eqs. (3.1), operators inside angular brackets have to be replaced by their corresponding matrix elements between the quantised levels that diagonalise H (sb) s . The term H (hl) s mixes HH and LH states from the same and also between different quantised levels of H (sb) s . As we are only interested in hole-wire subbands at energies well below the 2D LH subband edge, we can neglect the HH-LH mixing between different quantised levels, in particular also those arising from H (mix) s . Quasi-1D hole-subband energies obtained within this version of the subband k · p method [14] are shown in Figure 1 . We obtained analytical expressions, which we omit here because of space limitations.
In a quantum point contact [15] , a conductance step occurs whenever a quasi-1D subband edge passes through the Fermi level E F . The spectroscopic determination of Zeeman splitting [16] , where γ1 denotes a Luttinger parameter [5] and m0 is the electron mass in vacuum. The bulk valence-band bottom is taken as zero energy, and γs/γ1 = 0.37 was assumed (the value for GaAs [17] ). We neglected inter-band HH-LH coupling terms that will change subband crossings into anticrossings but do not affect wire subbands at energies well below the 2D LH level.
analysis of how these steps change with an applied magnetic field. Hence it is useful to study 1D holesubband edges. For comparison with experiments, we provide an approximate formula for E F in a 2D HH system with density n 2D and quantum-well width W x . Measured from the bulk valence-band edge, it is
Assuming n 2D = 1 × 10 15 m −2 and W x = 20 nm, which corresponds to the experimental situation of Ref. [10] , we find E F /E 0 = 0.61. Using Fig. 1 , we can estimate W y ≈ 2W x at the last conductance step.
We have determined the anisotropic hole spin splitting due to an external magnetic field B by diagonalising the sum of the Zeeman term H Z and the spherical Luttinger Hamiltonian with confinement [Eqs. (3.1)]. Landé g-factors for fields parallel to the x, y, z directions can be extracted from the corresponding Zeeman spin splittings. We focus here on the states at quasi-1D subband edges, i.e., for k z = 0. It turns out that the g-factors are only functions of the subband energy, i.e., have no explicit dependence on the wire's aspect ratio and quasi-1D-level quantum number. Hence, within the spherical approximation, the hole g-factor is the same for all quasi-1D subbands when they pass the Fermi energy in a point contact. We show corresponding values in Figure 2 . Again, space limitations prevent us from giving analytical results.
Realistic description of hole wires: Axial and cubic corrections
The simple spherical model discussed in the previous Section captures the qualitative 2D-to-1D crossover expected in a hole QPC. However, for a proper quantitative description of the Zeeman splitting, we need to include axial and cubic terms as well. For example, cubic terms are providing the leading contribution to the g-factor for in-plane field directions in 2D HH systems [4] and, hence, can also be expected to be dominant for wide hole wires. Hence, the dependence of g-factors on wire width will be strongly influenced by the axial and cubic parts. (We consider the geometry where the wire is aligned with the z axis and the 2D quantum well is grown in the x direction.) Results shown are obtained using GaAs bandstructure parameters [17] and are valid for magnetic fields that are much smaller than the scalẽ B = π 2h /(eW 2 x ) set by the 2D quantum-well confinement.
As before, we find the hole g-factors by diagonalising the sum of the Luttinger Hamiltonian (now including axial and cubic terms) with confinement and the Zeeman term, again neglecting HH-LH coupling between different quantised orbital levels. Our results for a quantum-wire geometry realised in recent experiment [10] are shown in Figure 3 . With cubic corrections included, the g-factors obtained for inplane magnetic-field directions in the 2D limit (W y ≫ W x ) are finite. Their values agree quite well with those given previously [4] , even though our approach neglects HH-LH mixing between different quantised 1D orbital levels and, hence, could have been rather bad for describing the 2D limit. Most interestingly, though, we find that the in-plane g-factor anisotropy changes character during the 2D-to-1D crossover. The crossing of the dashed and dotted curves in Fig. 3 indicates that the confinement-induced HH-LH mixing eventually results in a larger Zeeman splitting for in-plane fields perpendicular to the hole wire as compared with fields parallel to the wire, effectively reversing the situation encountered in the 2D limit.
Conclusions
We calculated quasi-1D subbands and g-factors for laterally confined 2D HH systems. Confinement-induced band mixing causes a strongly wire-width-dependent Zeeman splitting. Future work needs to consider the effect of a nonuniform lateral confinement and address many-body effects.
